Introduction
The mucosal surfaces of the gut are exposed throughout life to an immensely complex variety of nutrients, xenobiotics, toxins and infectious agents. In both the small and large intestines, a single layer of columnar epithelium transfers nutrients and fluid to the circulation, whilst maintaining an essential barrier against toxins and infection. The mature epithelial cells undergo a form of programmed cell death and are shed continuously into the gut lumen, but the integrity of the mucosal surface is maintained by new cells that emerge from an array of blind-ending glandular crypts and migrate to the villi, or to the gently ridged inter-cryptal zones of the colon and rectum. Every crypt is a self-contained proliferating unit. Although crypt cell mitosis is balanced primarily by exfoliation of surface cells, there is also a smaller component of cell loss resulting from programmed cell death in the deeper, proliferative regions of the crypt.
Much of the gastrointestinal mucosa is prone to cancers that develop in the mucosal epithelium. In the UK, carcinomas of the digestive system account for about 25 % of all deaths from cancer (Lennard-Jones, 2001 ). There are, however, major geographical variations in this figure, even within Europe, and it is generally accepted that much of this variation is due to environmental factors. Dietary components are thought to influence the development of cancers in the human digestive tract through a variety of mechanisms. A number of food-borne colorectal carcinogens have now been identified, including polycyclic aromatic hydrocarbons, heterocyclic aromatic amines (Adamson et al. 1996) and N-nitroso compounds (Bingham et al. 1996) , but it is unlikely that geographical variations in the prevalence of the disease can be accounted for entirely by differences in the exposure of populations to these substances (Lutz & Schlatter, 1992) . Indirect evidence suggests that dietary factors modulate the development of colorectal cancer primarily during the later stages of promotion and progression (Bodmer, 1994 (Bodmer, , 1999 . In this context, protective factors in the diet are probably at least as important as pro-carcinogens.
The influence of drugs and dietary components on the susceptibility of the colonic mucosa to neoplasia has been emphasized recently by the realization that use of non-steroidal antiinflammatory drugs (NSAID), such as aspirin and sulindac, is associated with a reduced risk of colorectal neoplasia. NSAID cause regression of precancerous colonic lesions in humans, suppress cell division and induce apoptosis in colorectal cancer cells in vitro. In parallel with the clinical interest in NSAID, the attention of nutritional scientists has been focused on the antimitotic and pro-apoptotic effects of the short-chain fatty acid (SCFA) butyrate, which is produced by bacterial fermentation of carbohydrate in the human colon. These, and other lines of investigation indicate that the modulation of programmed cell death cell by diet or pharmaceutical intervention may provide a route for the elimination of somatic mutations from the mucosal epithelial cells and thus help to suppress neoplasia (Ruemmele et al. 1999) . In the present review, the characteristics of apoptosis in the colorectal mucosa are discussed, and the evidence that NSAID, butyrate and biologically active food components may inhibit colorectal neoplasia is critically appraised.
The biology of programmed cell death
Interest in the molecular mechanisms underlying programmed cell death has expanded hugely over the last decade, but the topic itself has a long and complex history. The distinct form of cell death now known as 'apoptosis' was probably first described by Virchow as early as 1859, in a treatise on the cellular pathology of tissue death (Virchow & Chandler, 1859) . Virchow noted that 'necrosis', in which the cell remained intact and visible following death, could be distinguished from 'necrobiosis' in which the cell shrank and vanished from viable tissue. It is arguable that the latter phenomenon was what we would now describe as apoptosis, though controversy about the precise distinction between necrosis and apoptosis continues to this day (Majno & Joris, 1999) . The earliest accounts of cell death were based on histological observations; Flemming (1885) used morphological characteristics to define a process he called 'chromatolysis'. This concept was employed by histologists for nearly 70 years (Graper, 1914; Glucksmann, 1951) but was eventually superseded, first by introduction of the term 'shrinkage necrosis' (Kerr, 1971) and shortly after by the concept of 'apoptosis', which is now recognized as a fundamental biological process of general importance in both normal development and pathophysiology (Kerr et al. 1972) . Throughout this lengthy history, the classification of cell death was based on morphological criteria, and morphological assessment is still regarded as the 'gold standard' for the identification of apoptosis within tissues (Bellamy et al. 1995) . Recent advances in biochemistry and molecular genetics have revolutionized the study of apoptosis, but a basic understanding of the process must begin with the structural changes that occur during cell death.
Morphological aspects of apoptosis
Apoptosis is typically a localized event affecting individual cells that are more or less widely dispersed within a tissue, whereas necrosis tends to occur in many adjacent cells simultaneously. Early in apoptosis the nucleus shrinks and becomes convoluted, and the chromatin aggregates at the periphery, in close juxtaposition with the nuclear membrane. In epithelial cells there is a more or less simultaneous loss of contact and communication with neighbouring cells. The microvilli disappear, often to be briefly replaced by irregular and rapidly changing smooth protuberances or 'blebs'. The endoplasmic reticulum becomes dilated, but the cytoplasm itself undergoes condensation, so that the organelles become crowded within the cell. Shortly afterwards the nucleus disintegrates into several densely-staining, membrane-bound bodies within the cytoplasm (Wyllie et al. 1980) . A little later still, the irregular blebbing of the plasma membrane leads to the breakdown of the entire cell into discrete membranous packages, some of which contain degraded nuclear fragments. In epithelial tissues these 'apoptotic bodies' occupy the intercellular spaces, usually for only a short period before phagocytosis by adjacent cells, or by specialized cells of the immune system, which recognize and react to a range of markers on the surface of the apoptotic cell, including adhesion molecules and externalized phosphatidyl serine (Afford & Randhawa, 2000) . This process ensures that the dead cell is efficiently disposed of, and it probably also provides a pathway whereby the immune system is programmed to recognize pathogens responsible for the damage leading to initiation of cell death.
Although the early stages of apoptosis are accomplished within a few minutes, the apoptotic bodies taken up by phagocytes can be readily identified by classical morphological criteria in sections of wax-embedded intestinal mucosa (Potten, 1992) and in microdissected wholecrypt preparations of the type used to quantify mitosis (Goodlad et al. 1991; Matthew et al. 1994) . Only a small number of apoptotic events are visible in the 'snapshot' obtained from a single section or microdissected crypt taken from the healthy human or rodent intestinal mucosa, but because the process is so rapid, a few apoptotic remnants reflect a relatively high level of cell death (Bellamy et al. 1995) . The morphological symptoms of apoptosis are the outward signs of the progressive, energy-dependent process in which intracellular macromolecules are systematically broken down, compartmentalized and sequestered by surrounding cells, so that leakage of pro-inflammatory cellular debris into the extracellular environment is minimized. Because all cells carry the essential machinery for their own destruction, their continued existence depends on a finely balanced system of pro-and antiapoptotic factors, the details of which have begun to emerge only recently.
Biochemical mechanisms of cell death
The fundamental importance of apoptosis in multicellular organisms is emphasized by the high degree of conservation that has occurred across phyla during evolutionary history. Much of the early work on the molecular mechanisms of apoptosis was carried out on the nematode Caenorhabditis elegans, in which 1090 somatic cells appear during hermaphrodite development, 131 of which must subsequently undergo programmed cell death (Sulston & Horvitz, 1977) . Ellis & Horvitz (1986) identified a series of genes which are essential for apoptosis in C. elegans. One of these, ced-3, encodes a protein that facilitates cell death in the nematode, and bears strong sequence similarity to a human cysteine protease, interleukin-1␤-converting enzyme (ICE) . It was also established that over-expression of the murine ICE gene in mammalian fibroblasts initiated apoptosis (Miura et al. 1993) . Later work identified a series of fourteen related ICE-like proteases, many of which play a central role in the cell death pathway (Cohen, 1997) . A uniform nomenclature has been developed for these proteases. The trivial name 'caspases' has been coined in which the initial 'c' signifies the fact that they are cysteine proteases and 'asp' denotes their site-specificity for aspartic acid residues. ICE is designated caspase-1 because it was the first to be identified and the other members of the series are numbered in order of publication.
The caspases are present in cells as inactive zymogens requiring cleavage for their activation, often through the proteolytic activity of other caspases in the series. Thus they form a signalling cascade that transmits and amplifies the intracellular death signal, and mediates a complex range of intracellular events. Inactive caspase-1 is a 45 kDa protein, whereas the active enzyme comprises two catalytic subunits of 20 kDa and 10 kDa. Activation involves cleavage of the pro-enzyme at four specific Asp-residues and removal of two smaller peptides with molecular weights of 11 and 2 kDa. Despite the seminal importance of its identification and isolation, caspase-1 appears to play a somewhat peripheral role in apoptosis in mammals. Caspase-1 Ϫ/Ϫ knock-out mice have only relatively minor abnormalities of apoptosis (Kuida et al. 1995) , but caspase-1 probably has other specific functions (Fadeel et al. 2000) , including cytokine processing in inflammation. Caspase-1 also appears to play a specific pro-apoptotic role in the central nervous system and it may be involved in induction of neuronal cell death following spinal injury (Li et al. 2000) .
The key functions of the caspase signalling cascade, linking initiating stimuli from intraand extracellular sources to the downstream events of cell death, are summarized in Fig. 1 . Caspase-3 appears to play a central role as one of the principal effector proteases in many mammalian systems. Its substrates are intracellular proteins and polypeptides that normally maintain the structural and functional integrity of the cell, so that in general their cleavage leads to disruption of survival pathways (Earnshaw et al. 1999) . Unlike caspase-1-deficient mice, those lacking a functional caspase-3 gene die at 1-3 weeks of age, and show gross abnormalities of the central nervous system, symptomatic of impaired cell deletion during development. During the execution phase of cell death, caspase-3 cleaves a variety of proteins with a common aspartame-rich motif (Cohen, 1997) . At the other end of the signal pathway, the initiator caspases are sensitive to a variety of stimuli including extracellular initiators of cell death such as tumour necrosis factor. The tumour necrosis factor receptor superfamily includes a variety of structurally related membrane receptors with multiple extracellular ligand-binding domains, elements spanning the plasma membrane, and a C-terminus region exposed to the cytoplasm. Activation of the receptor by an extracellular ligand (e.g. Fas) typically causes the cytosolic region to form a complex called a death domain. The Fas-associated death domain recognizes and binds procaspase-8 molecules at a binding site called the death effector domain. The recruitment of procaspase-8 molecules into close proximity initiates mutual activation by proteolytic cleavage, and enables them to initiate downstream events, including activation of caspase-3 (Muzio, 1998) . Caspase-9 is another initiator caspase, strongly implicated in the induction of a second, stress-mediated apoptosis pathway, mediated via mitochondrial damage. In this sequence, pro-apoptotic stimuli cause the release of cytochrome c from the mitochondria A much simplified overview of the initiation and regulation of apoptosis. Two principal pathways of apoptosis are known, mediated via cell surface receptors (e.g. Fas/APO1/CD95 and the tumour necrosis factor family) and mitochondria respectively. Binding of the Fas ligand to its receptor triggers the formation of a complex comprising Fas-associated death domain (FADD) and the inactive zymogen procaspase-8. This initiates activation of caspase-8, which in turn activates the effector caspases -3 and -7. The mitochondrial pathway is responsive to a variety of stimuli, including DNA-damaging agents, cytotoxic stresses, and the loss of extracellular growth factors. The pro-apoptotic protein Bax facilitates release of cytochrome c from the mitochondrial inner membrane. The association of cytochrome c, apoptotic protease-activating factor 1 (Apaf-1) and procaspase-9 (the apoptosome) leads to activation of caspase-9, which then acts on effector caspases. Caspase-8 also activates the mitochondrial pathway via cleavage of Bid. Inhibitory regulators of apoptosis include Bcl-2 and Bcl-X L , which suppress release of cytochrome c, and proteins of the inhibitors of apoptosis (IAP) family, which are direct inhibitors of both initiator and effector caspases. PARP, poly(ADPribose) polymerase.
into the cytoplasm where it forms a complex with apoptotic protease-activating factor 1 and procaspase-9 (apoptosome). Caspase 9 is thereby activated, which enables it then to activate downstream caspases in a similar manner to caspase-8. The complexity and inter-relatedness of the system is illustrated by the fact that caspase-8 also stimulates the release of cytochrome c from mitochondria by cleaving and activating Bid, a pro-apoptopic member of the Bcl-2 family (Kuwana et al. 1998; Yin, 2000) . This mechanism can be regarded as a positive feedback loop that amplifies an initial weak caspase-8 signal.
The activities of the caspase-mediated suicide pathway are regulated at many points by proteins that can stimulate or retard the process. For example the Bcl-2 protein family contains both pro-and anti-apoptotic factors (Adams & Cory, 1998) . Bcl-2 itself is a well-established inhibitor of apoptosis, that inhibits release of cytochrome c (Kluck et al. 1997) , and competes with procaspase-9 for apoptotic protease-activating factor 1 binding. Conversely the pro-apoptotic members of the Bcl-2 family, Bax and Bik, counteract the effects of Bcl-2 and similar proteins by binding and neutralizing them (Adams & Cory, 1998) . Another protein with strong affinity for the death effector domain of the Fas-associated death domain, called variously FLIP, Casper, I-FLICE and FLAME (Wallach, 1997) , competes with procaspase-8 for Fas-associated death domain binding sites and acts primarily as an inhibitor of apoptosis, although it appears to be pro-apoptotic in some circumstances (Yeh et al. 2000) . Finally, the highly conserved inhibitors of apoptosis family of proteins directly inhibit the proteolytic activities of the caspases -3, -7, and -9 (Deveraux et al. 1999) .
The p53 tumour suppressor gene encodes a transcription factor that functions as a focal point or hub in a number of cell signal pathways associated with regulation of both the cell cycle and programmed cell death (Vogelstein et al. 2000) . Mutations affecting p53 are amongst the most commonly encountered in a range of human cancers, and loss of wild-type p53 increases the susceptibility of rodents to induction of gastrointestinal cancers (Yamamoto et al. 2000) . The precise role of p53 in the regulation of programmed cell death is not yet entirely clear, but there is no doubt that it is crucial to the activation of at least some apoptotic pathways. Polyak et al. (1997) have observed patterns of p53 -dependent gene transcription in colorectal carcinoma cells, and shown that a high proportion of the genes activated by p53 lead to the production of reactive oxygen species. They postulate that the resulting damage to mitochondria is the key stimulus for activation of caspases, and initiation of the apoptotic pathway (Fig. 1) .
The complexity of the caspase system and its regulatory mechanisms reflects the requirement to initiate and amplify a cell death signal when required, but equally importantly, to maintain a stable system of checks and balances to regulate the fate of the cell in the face of conflicting pro-and anti-apoptotic signals. Understanding the behaviour of the system in the face of various pathological, nutritional or therapeutic stimuli is a considerable challenge. Recently a mathematical model, which describes the system in a manner that appears to be consistent with some recent experimental findings, has been described (Fussenegger et al. 2000) .
Cell proliferation and death in the crypt
The small-intestinal crypts of the mouse are flask-shaped structures, approximately twenty cells in height and sixteen in circumference, containing around 250 cells in total (Potten & Morris, 1988) . The base of the murine small-intestinal crypt consists of approximately thirty fully differentiated Paneth cells whereas the colonic crypts, though somewhat larger than those of the small intestine, lack Paneth cells. At both sites, cell proliferation is most frequent near the base of the crypt, and virtually absent from the uppermost third, nearest the gut lumen.
Mitosis
The dividing cells in the basal zone are of two types. Each stem cell undergoes asymmetric divisions, in which one daughter cell retains its physical location whilst the other daughter cell enters a population of dividing transit cells. These undergo several further symmetrical divisions as they and their progeny migrate away from the crypt base. All the cells derived from these transit divisions eventually cease to divide, and thereafter become fully differentiated. In the small intestine the stem cells are thought to lie immediately above the Paneth cell zone, whereas in the colon they are probably located at the very base of the crypt. Using a mathematical model of crypt cytokinetics, it has been estimated that small-intestinal crypts are likely to contain more than one but no more than six stem cells, and that these produce progeny that undergo six further divisions during migration (Potten & Morris, 1988; Loeffler et al. 1993) . It should be noted, however, that no histological techniques for the identification of crypt stem cells have been devised, and estimates of their number vary somewhat with the techniques used. Their precise numbers and location are therefore still uncertain .
In a series of elegant studies on the regeneration of crypts after exposure to increasing doses of radiation or cytotoxic drugs, it has been shown that small-intestinal crypts contain approximately six cells that readily undergo apoptosis in response to cytotoxic insults (Roberts & Potten, 1994; Roberts et al. 1995) . Whether or not these cells represent the ultimate stem cell population, eradication does not destroy the crypt because another group of six less-radiationsensitive cells, located at a slightly higher level, can take on stem cell characteristics and regenerate the crypt. The response to progressively higher doses of radiation suggests that, in total, around thirty of the newly formed dividing transit cells have the capacity for clonogenic reconstruction of the irradiated crypt, but the remaining 120 or so cells dividing at levels closer to the lumen do not retain this ability. The crypts of the colon are larger and contain more radiationresistant, slower cycling stem cells, but the location and numbers of potentially clonogenic crypt cells are similar (Cai et al. 1997) .
Apoptosis
The highest rates of cell deletion from the colorectal mucosa occur at the surface, in the intercryptal zones, where senescent colonocytes are extruded into the gut lumen. Loss of adherence to the extracellular matrix induces apoptosis, a mechanism which has been termed 'anoikis' to emphasize its specialized link with epithelial exfoliation (Frisch & Francis, 1994) . Recent studies indicate that this pathway involves disruption of both cell-matrix interactions and intracellular signal pathways mediated by the protein focal adhesion kinase, which is selectively cleaved by caspases -3 and -6 during anoikis (Grossmann et al. 2001) . Discrete apoptotic bodies, which typify the late stages of apoptosis before destruction of the cell remnants by phagocytes, are only observed in the basal regions of both the small-and large-intestinal crypts of rats and human subjects. However, evidence of apoptosis in the upper third of the normal mouse colonic crypt has been described (Kozoni et al. 2000) , who used the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate biotin nick-end labelling (TUNEL) assay to delineate cells undergoing DNA cleavage. This illustrates the fact that the quantification, and even the definition of apoptosis in tissues can be method-dependent. Perhaps the TUNEL assay identifies the early events preceding exfoliation of mature colonocytes, although it would be somewhat surprising if DNA cleavage begins within the crypt.
A low level of p53-independent, 'background' apoptosis in the stem cell region of mouse small-intestinal crypts has been observed, and it has been proposed that this is an essential housekeeping function, serving to delete extra stem cells that may be formed from time to time by the symmetrical division of a parent stem cell (Potten, 1992; Bach et al. 2000) . Such supernumerary stem cells would cause a significant imbalance in cell production, and hence lead to gross changes in crypt size and morphology. The basal level of p53-independent apoptosis is lower in the colon than in the small intestine of healthy mice (Merritt et al. 1994 ). This appears to be associated with the expression of the anti-apoptotic regulatory proteins Bcl-2 (Merritt et al. 1995) , and the recently described Bcl-w (Pritchard et al. 2000) , in the basal zones of the crypts.
Exposure to low doses of radiation, cytotoxic drugs or carcinogens induces a dose-dependent increase in apoptosis in the stem cell region of mouse small-intestinal crypts. This stressinduced response is absent in p53-null mice (Merritt et al. 1994) . In normal animals it is spatially co-located with an increase in p53 expression occurring a few hours after exposure (Merritt et al. 1994) . A similar response occurs in the colon, but the dose-dependent threshold is higher, and the apoptotic zone extends toward the top of the crypt. It has been proposed that a greater sensitivity to genotoxic insults, together with the localization of the resulting apoptosis in the stem cell zone , makes the deletion of somatic mutations from smallintestinal crypts more efficient and accounts at least partially for the rarity of cancers of the small bowel (Merritt et al. 1995; Bach et al. 2000) . This is a crucial hypothesis, which will be discussed in greater detail in the next section.
Treatment with the carcinogen 1,2-dimethylhydrazine (DMH) leads to a considerable increase in apoptosis, measured either morphologically or by the TUNEL assay (Kozoni et al. 2000) , in the basal region of rodent colorectal crypts. An abnormally high level of crypt cell apoptosis, which can be associated with a loss of epithelial integrity, is known to occur after treatment with 5-fluorouracil (Pritchard et al. 1998 ) and other drugs (Lee, 1993) , and may also be involved in the pathophysiology of ulcerative colitis (Strater et al. 1997) . There is a single report of a pathological condition in a primate (Macaca fascicularis) featuring chronic intractable diarrhoea, which was associated with high levels of apoptosis in the basal region of the colonic crypts (Rubio et al. 2001) . The authors of the report coined the term 'apoptotic colonic disease' for this previously unreported disorder.
The biology and molecular genetics of colorectal cancer
The simplest concept of carcinogenesis is the three-stage model consisting of initiation, promotion and progression. At the initiation stage, a single cell is assumed to acquire a point mutation that remains unrepaired and confers some growth advantage. Successive cellular divisions then occur which enable the new mutated clone to proliferate at the expense of surrounding cells, thereby forming a focal lesion. During the promotion stage, the normal constraints on proliferation and spatial organisation within the affected tissue are disrupted still further, and these derangements are associated with the acquisition of further mutations. Colorectal carcinoma has provided many valuable insights into the origins and development of cancers in general, partly because of the easy access to the colonic lumen that can be achieved using flexible colonoscopy, and partly because of the existence of well-defined inherited syndromes, which provide insights into the more common, sporadic form of the disease (Kinzler & Vogelstein, 1996) . The generally accepted model for the origin and development of sporadic colorectal carcinomas is the adenoma-carcinoma sequence (Winawer, 1999) . According to this hypothesis, most, if not all, human colorectal carcinomas begin as non-invasive adenomatous polyps that develop and become malignant over 10 to 20 years, largely in response to environmental factors (Hill et al. 1978) . Populations with a high prevalence of adenomas also have a high incidence of colorectal cancer, and individuals who harbour polyps have a higher risk of developing cancer than individuals with no previous history of polyps. In many western industrialized countries polyps are very common, and up to 50 % of the middle-aged male population are affected. The transition from non-invasive adenoma to an invasive carcinoma is a relatively rare event, but the high frequency of polyps in the otherwise healthy population means that screening and polypectomy provide an effective means of prevention (Markowitz & Winawer, 1999) . The causal link between non-invasive polyps and cancer is further emphasized by the example of familial adenomatous polyposis (FAP), an inherited disease in which patients acquire hundreds of polyps in the colon and rectum early in life, and almost invariably go on to develop colorectal carcinoma before middle-age. There is some controversy as to whether animal models of colorectal carcinoma provide convincing experimental support for the adenoma-carcinoma sequence (Maskens & Dujardin-Loits, 1981) , but much of this debate appears to be based on the misinterpretation of pathological findings (Wright & Alison, 1984) .
The major breakthrough in our understanding of the mechanisms underlying the adenoma-carcinoma sequence came with the discovery that the developmental stages of the disease are associated with the acquisition of somatic mutations affecting proto-oncogenes or tumour suppressor genes (Vogelstein et al. 1988 ). The precise order in which the mutations occur varies greatly between individual patients but some generalizations are possible. In most series, around 50 % of colorectal carcinomas are found to have a mutation in the K-ras protooncogene. Vogelstein et al. (1988) examined 172 colorectal tumours at various stages of development and observed ras mutations in 47 % of carcinomas, and in 58 % of adenomas larger than 1 cm in diameter, but they occurred in only 9 % of adenomas less than 1 cm in diameter (Vogelstein et al. 1988) . Similar size dependence was observed for other mutations, leading to the conclusion that the acquisition of mutations occurred in parallel with the growth and progression of the tumour. Mutations in the tumour suppressor gene p53, though very common across the whole clinical spectrum of human cancers (Soussi, 2000) , are rare in small adenomas, and their appearance appears to be associated with the transition to a carcinoma (Gafa & Lanza, 1998) .
The widespread acceptance of the somatic mutation model for the development of colorectal cancer has prompted studies to identify the crucial genetic changes associated with the transition from normal mucosa to neoplastic lesion. The earliest identifiable precancerous lesions of the colonic mucosa are aberrant crypt foci (ACF) (Pretlow et al. 1991) . These structures are visible under low power microscopy in methylene blue or Feulgen's stained mucosal tissue, and are characterized by their enlargement, thickened epithelial layers, and slightly raised pericryptal region. They occur in the colonic mucosa of human patients in association with adenomatous polyps or carcinoma, and they are also the earliest lesions to appear in rodents after treatment with colorectal carcinogens, including DMH, azoxymethane and Phipp. Although their usefulness as quantitative predictors of tumour numbers in animal models has been disputed (Hardman et al. 1991) , ACF are now widely regarded as early biomarkers of neoplastic changes during colorectal carcinogenesis (Roncucci et al. 2000) . Several groups have reported the presence of K-ras mutations in ACF induced in rodents treated with azoxymethane (Shivapurkar et al. 1994) , and in sporadic ACF from resected human colon (Smith et al. 1994) . Somatic mutations of the APC gene have also been detected in ACF from human colon (Smith et al. 1994 ), but they seem to be acquired at a later stage of chemically induced neoplasia in rodent models (De Filippo et al. 1998) .
Using a different approach to the problem of identifying the type and minimum number of mutations necessary for the growth of early adenomas, Lamlum et al. (2000) recently screened 210 small (0 . 3-10 mm) adenomatous polyps, obtained from patients with FAP, for mutations to selected loci including APC, K-ras and ␤-catenin, and for allelic losses and microsatellite instability (Lamlum et al. 2000) . Mutations other than to the APC loci were rare, and the authors concluded that in both familial and sporadic adenomas, two mutations at the APC locus are sufficient to enable the lesions to grow to about 1 cm in diameter with mild dysplasia. It is generally accepted that APC mutations are in most cases the 'gatekeepers' of colorectal neoplasia, though in some tumours, other mutations may be involved. The important point is that the critical mutation must confer some advantage on the affected cells, placing them under selective pressure to survive and grow at the expense of normal cells in the surrounding tissue (Tomlinson & Bodmer, 1999) . Another important but unresolved issue concerning the pathogenesis of colorectal tumours is that of the precise anatomical site of the precursor cell that acquires the crucial mutations and undergoes clonal expansion to form the initial dysplastic lesion. Since the stem cells at the base of the crypt are adapted to continue dividing in situ, it is generally assumed that they are the crucial tumorigenic precursor cells (Bach et al. 2000) . However this has never been conclusively proved. A recent study by Shih et al. (2001) shows that in small human adenomas, dysplastic cells containing APC mutations are located in the surface epithelium at the top of the crypt, whilst the basal cells contain genetically distinct, non-dysplastic cells. This suggests that the progenitor cells giving rise to the neoplastic clone may have migrated from the crypt base, or arisen spontaneously in the mature cell population of the surface epithelium, and then somehow evaded deletion via the anoikis pathway. The resolution of this issue will require much more detailed information on the early morphological changes associated with the transition from a flat mucosa to a focal lesion.
The precise nature of the driving forces for tumour growth at each stage of the adenoma-carcinoma sequence remains a matter for debate. Loeb (1998) has argued that the rate of mutation is a crucial factor in the pathogenesis of a neoplastic phenotype, that cancer cells contain far more mutations than can be accounted for by random mutation in proliferating cells, and that the driving mechanism for tumour development is the appearance of a 'mutator phenotype' early in tumorigenesis, coupled with selection pressure for mutations conferring a growth advantage (Loeb, 1998) . There is little doubt that a high mutation rate is a characteristic feature of many types of cancers, as is illustrated by the instability of the repetitive genetic elements known as microsatellites, which are frequently detected in tumours (Loeb, 1994) . However Tomlinson et al. (1996) have argued that a high mutation rate does not in itself cause a tumour to grow, and that the selective advantage of particular mutations is of overwhelming importance. Both sides of this debate point to the role of DNA mismatch repair genes (hMLH1, hMSH2, hPMS1, hPMS2, GTBP/hMSH6) which are known to be involved in the pathogenesis of many cancers, including those of the alimentary tract (Wheeler et al. 2000) .
Amongst the first hereditary cancers to be identified were the Lynch syndromes (Lynch & Krush, 1971) , now renamed hereditary non-polyposis colorectal cancer to distinguish the condition from FAP (Lynch & Krush, 1971 ). The condition is now known to result from germline mutations at DNA mismatch repair loci, and probably accounts for less than 10 % of all colorectal cancers. Patients with mutations in hMLH1 or hMLH2 have an approximately 80 % lifetime risk of colorectal cancer but unlike FAP patients who may have thousands of adenomatous polyps, hereditary non-polyposis colorectal cancer patients do not acquire more polyps than the general population. Tomlinson & Bodmer (1995) have used mathematical models to show that tumours grow because of selection for mutations conferring a growth advantage, which is often manifested by a failure of the normal pathways of cell differentiation or death. Successive mutations of this type can lead to incremental increases in the population of non-invasive cells, and once the new population size is established the lesion can remain quiescent for an extended period before another mutation occurs. Only at the final stage of the process does a transition occur to the exponential growth rates of a mature invasive cancer. This is precisely the behaviour of tumours at successive stages of the adenoma-carcinoma sequence. Support for this general model is provided by recent studies showing that over-expression of hMSH1 and hMSH2 genes induces apoptosis in cells, regardless of their DNA repair capacity (Zhang et al. 1999) . This suggests that suppression of apoptosis may be an additional procarcinogenic effect of these mutations in hereditary non-polyposis colorectal cancer. Thus although a high rate of mutation undoubtedly increases likelihood of procarcinogenic mutations appearing, it is the effect of such mutations on the phenotype, particularly in so far as they affect the initiation and control of cell death, that appears to be a crucial factor at every stage of tumour development.
Mitosis, apoptosis and cancer
One of the central dogmas of the somatic mutation theory of carcinogenesis is that a high rate of mitosis in an otherwise healthy tissue increases its vulnerability to mutagenesis, and therefore to the development of cancer (Barthold & Beck, 1980; Preston-Martin et al. 1990) . DNA is intrinsically more vulnerable to damage during cell replication, and in a rapidly proliferating cell population there is, in theory, less time available for DNA repair (Tong et al. 1980; Ames & Swirsky Gold, 1991) . Moreover, frequent cell divisions increase the probability of somatic recombination occurring, so that that cells heterozygous for a tumorigenic mutation can become homozygous (Groden et al. 1990 ). Although there is much evidence to support the hypothesis, it has been disputed vigorously (Farber, 1995) , and has proven very difficult to test definitively. The complexity of this problem is illustrated by a recent report on mutagenesis in an in vitro model, in which active proliferation was shown to be essential not only for the appearance of mutations, but also for DNA repair, which contrary to the authors' expectations, did not occur in quiescent cells (Bielas & Heddle, 2000) .
Genetic analysis of human colorectal tumours provides strong evidence that most are clonal, and therefore derived from a single mutated epithelial cell (Fearon et al. 1987) . In principle the target cell could be either a stem cell or a dividing transit cell, but since stem cells are specialized to remain fixed within the crypt, it is generally assumed that these are the target cells most likely to give rise to a new clonal population bearing a potentially tumorigenic somatic mutation. Stem cells have a cycle-time roughly twice as long as their progeny in the dividing transit population (Potten, 1986) . Heddle et al. (1996) have pointed out that, on theoretical grounds, the existence of a distinct stem cell population in self-renewing tissues is not absolutely necessary. The hierarchy of replicating cells in the crypt may therefore be an evolutionary adaptation to protect the tissue from somatic mutations by reducing the number of potentially vulnerable cell divisions, and increasing the time available for DNA repair, or for the self-destruction of irretrievably damaged cells .
If the cytokinetic peculiarities of the stem cell population provide a first line of defence against somatic mutations of the intestinal epithelium, DNA repair and apoptosis can be regarded as two further strategies deployed by the tissue for the protection of its genome . The fact that these functions are intimately linked at a mechanistic level is illustrated by the fact that the DNA-repair genes MSH2 and MLH1 have both been implicated in the regulation of apoptosis (Zhang et al. 1999) . Complete loss of MSH2 greatly increases the ability of cells to survive exposure to the methylating agent N-methyl-NЈ-nitro-N-nitrosoguanidine in vitro (de Wind et al. 1995) . Furthermore, studies with MSH2 knockout mice have established that this gene is essential to the wave of apoptosis in the crypts of the small intestine following exposure to N-methyl-NЈ-nitro-N-nitrosoguanidine in vivo . This strongly suggests that loss of MSH2 compromises both the repair of mutations in the intestinal epithelia, and their deletion from the tissue via apoptosis.
Thus crypt cell apoptosis seems likely to be an essential defence against the appearance of somatic mutations that constitute the earliest steps in tumorigenesis. At later stages in the adenoma-carcinoma sequence, mutations or gene-silencing events that cause an inhibition of apoptosis are thought to be critical for the survival and growth of tumours (Bodmer, 1999) . Such genetic and epigenetic mechanisms may affect a host of different components of the apoptotic signal pathway, including the caspases themselves. For example it has recently been reported that human colon cancer cells exhibit down regulation of caspases -7 and -9, relative to normal mucosa on the same tissue section (Palmerini et al. 2001) . Endogenous or environmental factors causing high levels of mitosis and suppression of apoptosis are probably risk factors favouring progression at every stage of the adenoma-carcinoma sequence. Conversely, drugs or other agents that can inhibit crypt cell mitosis and lower the threshold for apoptosis might be expected to delay progression, slow the growth of established lesions and perhaps even cause their regression. Evidence in favour of this mechanism comes from recent studies on the chemopreventive effects of NSAID.
Non-steroidal anti-inflammatory drugs and colorectal neoplasia
Interest in the inhibitory effects of NSAID against colorectal neoplasia was first prompted by the results of animal studies in which the drug indomethacin was shown to suppress tumours induced with DMH by up to 40 % (Pollard & Luckert, 1980) . Waddell et al. (1989) later confirmed the relevance of this finding for human disease by showing that treatment with another NSAID, sulindac, substantially reduced, and in some cases entirely eliminated, polyps in a small group of patients suffering from FAP. A significant reduction of around 50 % in the incidence or mortality from colorectal cancer was subsequently detected in three out of four epidemiological studies conducted on regular users of aspirin (Lancaster & Silagy, 1994) , though it must be noted that one major intervention study has failed to confirm this effect during 5 years of follow-up (Gann et al. 1993) . Whatever the practical role of aspirin and other NSAID in the prevention of colorectal cancer may turn out to be, the evidence that these compounds suppress the growth of tumours in animal models and cause regression of precancerous lesions in man seems strong and consistent. In one particularly interesting study, Takayama et al. (1998) used sequential endoscopies to study the effects of sulindac on ACF in human subjects and showed marked reductions, and in some cases complete eradication, of these lesions in patients treated with sulindac.
If a tumour is to grow it is necessary for the rate of cell birth to exceed that of cell loss (Tomlinson & Bodmer, 1995) , but this does not imply that cancer cells are entirely resistant to the induction of apoptosis. Indeed, although colonic tumours do exhibit rapid cell proliferation, a high rate of apoptosis has also been observed in various types of colorectal adenomas and carcinomas (Partik et al. 1998) . The regression of colorectal lesions induced by treatment with NSAID provides strong circumstantial evidence that the effect of these drugs is to arrest cell growth, or stimulate apoptosis, or possibly both, and this interpretation is supported by experimental studies. It is now well established that aspirin and other NSAID can arrest the cell cycle and induce apoptosis in colorectal carcinoma cell lines in vitro (Piazza et al. 1995; Shiff et al. 1995; Elder et al. 2000) , and there is increasing evidence that this is the principal mechanism whereby they cause regression of polyps and ACF in the human colon (Pasricha et al. 1995; Stoner et al. 1999; Reinacher-Schick et al. 2000) .
The classical biochemical function of aspirin and other NSAID is inhibition of cyclooxygenase (prostaglandin H synthase) activity, leading principally to a reduction in prostaglandin synthesis (Vane & Botting, 1998) . There are two known cyclo-oxygenase isoforms (COX-1 and COX-2). COX-1 is constituitively expressed in most mammalian tissues, where it plays a fundamental 'housekeeping' role in the regulation of cellular function. COX-2 shares approximately 62 % amino acid homology with COX-1, but differs greatly in its expression pattern and function. In most tissues COX-2 is virtually undetectable until induced by mitogens, including tumour promoters and pro-inflammatory cytokines. Under these conditions COX-2 expression generates prostaglandins that differ from those produced by COX-1, both in their effects, and in their subcellular localization. COX-2 is therefore regarded as an immediate-early gene, with functions linked to long-term cellular responses including cell differentiation and proliferation. COX-2 is also expressed in cancer cells of various types. In the case of colorectal tumours the level of expression depends on the stage of development, so that whereas only a small proportion of adenomatous polyps express COX-2, it is detectable in about 90 % of carcinomas (Eberhart et al. 1994; Kargman et al. 1995; Sano et al. 1995) . Inhibition of COX-2 is central to the therapeutic function of aspirin and other NSAID, and the unwelcome side-effects of these drugs are primarily due to the simultaneous inhibition of COX-1. This has prompted the development of a range of selective COX-2 inhibitors.
Given the well-defined pharmacological activity of the NSAID it would be natural to assume that their ability to inhibit proliferation and induce apoptosis in tumour cells was a consequence of COX-2 inhibition. Initial studies seemed to confirm this hypothesis. Overexpression of COX-2 in rat intestinal epithelial cells was shown to be associated with increased adherence to the substrate, elevation of bcl-2 expression and inhibition of apoptosis, all of which were reversed by treatment with sulindac sulfide (Tsujii & DuBois, 1995) . Recent studies have confirmed that treatment with the specific COX-2 inhibitor celecoxib for 6 months reduced the numbers of polyps in FAP patients by around 30 % (Steinbach et al. 2000) . However in vitro studies have shown that the pro-apoptotic effects of NSAID are independent of COX-2 expression in various systems (Smith et al. 2000a) . Alternative models for the effects of sulindac have been proposed, including direct induction of apoptosis by disruption of the mitochondrial inner membrane (Waddell, 1998) , modification of arachidonic acid metabolism (Chan et al. 1998) , or direct modulation of members of the Bcl family of regulatory proteins (Marx, 2001 ).
Dietary factors, crypt cytokinetics and colorectal neoplasia
NSAID or related compounds may eventually be used to provide safe and effective chemopreventive agents for the control of colorectal cancer in high-risk groups. However this rapidly developing field is relevant to the wider context of human nutrition because it establishes the principle that factors modulating the balance of cell birth and death in the colonic epithelium can modify the initiation and progression of cancer. In this section, evidence for the existence of biologically active components of food that can suppress colorectal carcinogenesis by increasing apoptosis in the colorectal epithelium is reviewed.
Butyrate
SCFAs are the major products of carbohydrate fermentation in both the rumen and the nonruminant colon. Acetate, propionate and butyrate account for about 90 % of SCFA in the human large bowel. Of these, butyrate provides around 25 % of the total, and it is usually present at a concentration of approximately 25 mM/kg faecal material in the proximal human colon (Cummings et al. 1987) . It is estimated that 95 % of the SCFA produced in the human large bowel is absorbed and metabolized, and it is well established that butyrate in particular functions as a metabolic substrate for the colonic epithelial cells in vivo (Roediger 1990 ). Perfusion of the intact colon with a butyrate solution close to physiological concentrations stimulates crypt cell proliferation in rats (Sakata & von Engelhardt, 1983; Kripke et al. 1989) . When animals with a conventional colonic microflora are fed fermentable forms of dietary fibre they have a faster crypt cell proliferation rate than animals fed a fibre-free diet, but this effect is absent in germ-free animals that cannot produce butyrate by fermentation (Goodlad et al. 1987; Pell et al. 1995) . Instillation of SCFAs into the human rectum also exerts a trophic effect on the mucosa (Mortensen et al. 1991) . It has been proposed that two forms of inflammatory bowel disease, diversion colitis and ulcerative colitis, result from an absence or failure of normal butyrate metabolism, and there is experimental evidence for an anti-inflammatory effect of butyrate enemas in human subjects (Harig et al. 1989; Mortensen & Clausen, 1996) .
Clearly there is a strong case to be made for butyrate as a nutrient, and as a trophic substrate for the colonic mucosa, but recently attention has switched to its effects on tumour cell differentiation, growth kinetics and death. The ability of butyrate to inhibit the growth and induce a more differentiated phenotype in a variety of different tumour cells has been recognized for a number of years (Hagopian et al. 1977; Augeron & Laboisse, 1984; Barnard & Warwick, 1993) . More recently Hague et al. (1993 Hague et al. ( , 1995 and others (Heerdt et al. 1994) demonstrated that exposure to butyrate at physiologically relevant concentrations induced apoptosis in human colorectal adenoma and carcinoma cell lines. This phenomenon prompted the suggestion that the increased intra-colonic butyrate levels associated with colorectal fermentation of polysaccharides might favour apoptosis of neoplastic epithelial cells in vivo, and hence account for the protective effects of fibre-rich diets (Hague et al. 1993) .
The mechanism of butyrate-induced apoptosis is the subject of intense current interest. It has been demonstrated that, like ␥ irradiation (Bracey et al. 1995) , butyrate readily induces apoptosis in human colorectal tumour cells despite the absence of a functional p53 pathway (Hague et al. 1993) . The mechanism is caspase-dependent (Chai et al. 2000) , and apparently involves signal transduction via the Fas-ligand death receptor (Chapkin et al. 2000) . The transcriptional activation of the Bax gene via the c-Jun N-terminal kinase signal pathway has recently been implicated in the induction of apoptosis by butyrate in DiFi and FET human colorectal carcinoma cells (Mandal et al. 2001) .
There is increasing evidence that the primary pro-apoptotic effect of butyrate may be inhibition of the enzyme histone deacetylase, leading to hyperacetylation of histones (Siavoshian et al. 2000; Wu et al. 2001) . Modulation of histone acetylation alters gene transcription directly, and may facilitate the expression of pro-apoptotic genes that are normally silenced. In a recent study, Della Ragione et al. (2001) used cDNA microarrays to observe such changes in the expression of twenty-three genes in colorectal tumour cells treated with butyrate, and with the histone deacetylase inhibitor trichostatin A. Although the great majority of such mechanistic studies on the pro-apoptotic effects of butyrate have been carried out in vitro, there is some interesting evidence that a diet rich in wheat bran promotes histone acetylation of rat colonic epithelial cells in vivo (Boffa et al. 1992) .
There is continuing uncertainty about the dual role of butyrate as a source of energy, and as a potent modifier of gene expression. Hass et al. (1997) examined the effect of butyrate on viable sheets of mucosal cells obtained from guinea pig colon in vitro. In the absence of butyrate they observed high levels of epithelial cell apoptosis, associated with increased expression of the gene Bax. This apparent paradox is probably a reflection of the importance of butyrate as a metabolic substrate. Singh et al. (1997) have shown that the effect of butyrate on cultured cell lines depends critically on the availability of other energy sources. In the absence of glucose and pyruvate, both adenoma and carcinoma cells showed increased apoptosis, but this was reversed by the addition of low concentrations of butyrate. In contrast, the same concentrations of butyrate induced apoptosis under energy-replete conditions. The problem of translating such in vitro studies to the intact gut is heightened by the fact that malignant transformation increases the energy requirements of the cell, but the implications of this have not been explored in vivo.
The general hypothesis that dietary fibre protects against cancer by generating intraluminal butyrate has recently begun to receive experimental support from in vivo studies. In previous studies, relatively poorly fermented substrates such as wheat bran have tended to inhibit carcinogenesis more effectively than fermentable substrates but it has recently been reported that maintenance of a stable butyrate environment in rats fed resistant starch or fructooligosaccharides is associated with reduced numbers of ACF (Perrin et al. 2001) . Caderni et al. (1998) used slow-release pellets to expose the rat colonic epithelium to butyrate, and reported increased apoptosis, but no protective effect against azoxymethane-induced neoplasia (Caderni et al. , 2001 ). However Avivi-Green et al. (2000a,b) have described increased expression of pro-apoptotic signal proteins, an increased crypt apoptotic index, and suppression of chemically induced neoplasia in rats fed a fermentable type of fibre, and in those treated directly with butyrate by intra-colonic instillation (Avivi-Green et al. 2000a,b) . This work stands in sharp contrast to earlier studies, which described strong pro-carcinogenic effects of fermentable polysaccharides in an animal model (Jacobs & Lupton, 1986) .
Experiments with human subjects have been hampered by the difficulty of manipulating the SCFA content of the colorectal lumen with any degree of precision. In one study, Kashtan et al. (1992) set out to explore the effect of soluble fibre derived from oat bran on faecal SCFA and mucosal markers of crypt cell proliferation in a group of volunteers, with or without a history of adenomatous polyps. Two groups were given dietary supplements (16 . 4 g/d) of either oat bran or wheat bran for 2 weeks. Oat bran is rich in ␤-glucan, a soluble form of dietary fibre that is more readily fermentable by colonic micro-organisms than the lignified insoluble polysaccharides of wheat bran (Lund & Johnson, 1991) . Consumption of oat bran was associated with a significant decrease in faecal pH, but faecal SCFA and butyrate levels actually fell in the oat-bran group by an amount that approached statistical significance. Apoptosis was not measured, but there was no significant effect of either supplement on the crypt cell labelling index of rectal biopsies obtained before and after the dietary intervention.
In a recent placebo-controlled intervention study, a dietary supplement of ispaghula husk (3·5 g/d) was given to patients with a history of adenomatous polyps to determine the effect on adenoma recurrence after 3 years (Bonithon-Kopp et al. 2000) . The study was not designed to test any particular mechanistic hypothesis, and no attempt was made to determine either faecal butyrate levels or the rate of apoptosis. The outcome was a modest but statistically significant increase in the risk of adenoma recurrence in the isphagula-supplemented group. Given the limited physiological information available it is difficult to account for this finding, but one speculation is that supplementation with certain fermentable types of fibre leads to increased crypt cell proliferation, as previously observed in animal models (Jacobs & Lupton, 1986) . Faster cell proliferation with no compensating increase in apoptosis might increase the growth of microscopic lesions. This study probably says little about the effects of fibre-rich diets based on high levels of fruits and vegetables. However dietary supplements containing soluble, highly fermentable polysaccharides from unconventional sources should perhaps be treated with caution until more is known about their effects on proliferating crypt epithelial cells in the intact human gut (Wasan & Goodlad, 1996) .
Polyunsaturated fatty acids
In contrast to the SCFAs, long-chain fatty acids derived from dietary fat function as structural components of cell membranes as well as metabolic substrates. Dietary triacylglycerols are hydrolysed to their component fatty acids during digestion and then re-esterified, before transport and metabolism, or storage in adipose tissue. The proportion of total dietary energy derived from lipids varies considerably between populations, and the extent to which this contributes to geographical differences in the prevalence of cancer has been a focus of interest for nutritionists for many years (Hursting et al. 1990 ). The role of total fat intake as a determinant of cancer is outside the scope of the present review, but there is growing interest in the significance of specific fatty acids in relation to the growth and metabolism of tumour cells, and much of this new evidence may be relevant to the biology of apoptosis in the intestinal mucosa.
There is some epidemiological evidence to suggest that diets high in marine oils are associated with a reduced risk of colorectal cancer (Hursting et al. 1990; Schloss et al. 1997) , and that dietary supplementation with purified fish oils rich in eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) can suppress colorectal crypt cell mitosis in human subjects (Anti et al. 1994) . The relationship between fat consumption and carcinogenesis in animal models is complex. For example, it has been known since the 1950s that a high fat intake accelerates the development of murine mammary tumours (Tannenbaum & Silverstone, 1953) , but more recent studies have made it clear that the effect depends upon the fatty acid composition of the diet. In general polyunsaturated fatty acids (PUFA) of the n-6 series, such as linoleic acid, promote the induction of mammary tumours more than saturated fats, monounsaturated fatty acids are largely without effect, and n-3 PUFA such as EPA and DHA are weakly protective (Fay et al. 1997) . Similarly, induction of tumours with azoxymethane is increased during the postinitiation phase by diets rich in n-6 PUFA, but not by diets containing a high proportion of n-3 PUFA derived from fish oil (Reddy, 1992) .
The contrasting effects of different PUFA on tumour growth in vivo seem to be consistent with their effects on tumour cells in vitro. It has been clear for some time that certain essential fatty acids, notably ␥-linolenic acid, arachidonic acid, EPA and DHA are selectively toxic to tumour cells. Using a co-culture technique, Begin et al. (1986 Begin et al. ( , 1986 observed that human cancer cells outgrew normal fibroblasts in the absence of essential fatty acids but in the presence of PUFA the effect was reversed so that the tumour cells were at a disadvantage. Das (1991) demonstrated that the inhibition of tumour cell proliferation in the presence of ␥-linolenic acid, arachidonic acid and EPA was caused by selective cytotoxicity, and that cell death was blocked by antioxidants, enhanced by pro-oxidants and proportional to the degree of peroxidation induced in the cells. More recent studies have confirmed these findings, extended them to other cell lines and shown that apoptosis plays an important role in the cytotoxicity induced by PUFA (Finstad et al. 1998; Hawkins et al. 1998; Ramesh & Das, 1998) . In the human colorectal adenocarcinoma cell line HT29, incubation with EPA leads first to detachment of the cells from the substratum, followed by apoptosis, which can be enhanced by depletion of intracellular glutathione levels (Latham et al. 1998) , and blocked with antioxidants and caspase inhibitors .
Dietary intake of long-chain fatty acids exerts important effects on crypt cytokinetics in vivo. In the rat, replacing maize oil with fish oil in a semi-synthetic powdered diet leads to a reduction in crypt cell mitosis . However Chang et al. (1997) , whilst confirming the protective effects of fish oil, compared with maize oil, in a rat-azoxymethane model of colorectal carcinogenesis, reported that this effect was more closely correlated with increased crypt cell apoptosis than with suppression of mitosis. Exposure to DMH metabolites leads to the induction of DNA methyl adducts, including O6-methylguanine (James & Autrup, 1983) , and this is associated with the arrest of mitosis and induction of p53-dependent apoptosis in the lower half of the crypt. Latham et al. (1999) fed rats on a semi-synthetic basal diet containing maize oil (80 g/kg) before treatment with the specific colorectal carcinogen (DMH) or a sham injection. Immediately after the injections the groups were subdivided; half continued on the control diet and half were transferred to diets in which the maize oil was replaced with fish oil (97 % triacylglycerol; 19 % EPA; 8 % DHA), and animals were killed after 24 h and 48 h. In rats fed fish oil with no DMH treatment there were statistically significant increases in apoptosis and reductions in mitosis after 48 h. In the rats treated with DMH there was the expected increase in apoptosis, but this response was more than doubled in those treated with both DMH and fish oil. In a second experiment, rats were treated with DMH on two occasions at weekly intervals to induce ACF. After receiving the injections, both the treatment group and a shaminjected control group were switched to the fish-oil diet for 48 h. After 18 weeks the frequency of ACF was significantly lower in the animals fed fish oil compared with the controls. These results are consistent with the hypothesis that fish-oil consumption caused enhanced levels of apoptosis during the phase of DNA damage following exposure to DMH, and this led to greater deletion of cells otherwise destined to form precancerous lesions.
The precise mechanism by which n-3 PUFA trigger apoptosis in intestinal epithelial cells is not yet established. Under in vitro conditions, the increased cell death brought about by treatment with EPA is considerably amplified by depletion of cellular glutathione and blocked by antioxidants Latham et al. 2001) . This suggests that the effect of incorporating n-3 PUFA into the cellular lipid pool is to increase the production of reactive oxygen species, which are known to induce apoptosis in a number of different cell lines (Antunes & Cadenas, 2001) . A similar mechanism has been proposed to account for the induction of apoptosis in a human adenocarcinoma line by ␤-carotene (Palozza et al. 2001) . A role for reactive oxygen species in the induction of colonic epithelial cell apoptosis in vivo is suggested by the fact that induction of apoptosis by dietary fish oil in the intact rat colon is also enhanced by depletion of glutathione (Latham et al. 2001) . These observations do not rule out the involvement of other mechanisms, including perhaps an effect of the composition of the cellular lipid pool on prostaglandin metabolism.
Flavonoids
The flavonoids are a large and complex group of phenolic compounds that contribute to the flavour and colour of vegetables and fruits, and account for most of the dissolved solids in beverages such as tea, coffee and wine. All the flavonoids possess a three-ring structure containing two aromatic centres (rings A and B) and a central oxygenated heterocycle (ring C). The total intake of flavonoids in the human diet has been estimated to be as high as 1 g/d in the USA, but this is almost certainly an overestimate based on inadequate analytical data. Hertog et al. (1993) estimated the average intake of flavonols and flavones to be 23 mg/d in the Netherlands and around 64 mg/d in Japan. In western Europe, the flavonols quercetin, myricetin and kaempferol are consumed predominantly in the form of water-soluble glycosides in apples and onions, or as solutes in black tea and wine.
A variety of phenolic substances can inhibit promotion of carcinogenesis in the two-stage mouse skin model. For example, Gali et al. (1991) showed that topical application of a complex mixture of high molecular weight phenolic substances described as tannic acid inhibited the induction of ornithine decarboxylase activity by phorbol ester (12-O-tetradecanoylphorbol-13-acetate). Quercetin and other flavonoids inhibit proliferation of human gastric cancer cells (Yoshida et al. 1992) , and colonic carcinoma cells (Kuntz et al. 1999; Wenzel et al. 2000) by blocking the G1/S transition of the cell cycle and inducing apoptosis. It is increasingly recognized that intestinal epithelial cells may be exposed to higher concentrations of biologically active flavonoids than any other tissue in the body (Halliwell et al. 2000) .
Part of the growth inhibitory effect of quercetin against the human tumour cell line HT29 appears to be due to induction of cell death, that is selective for cells expressing a less differentiated more tumour-like phenotype (Musk et al. 1995) . Deschner et al. (1991) investigated the effects of quercetin, and the glycoside rutin, on the induction by azoxymethanol of crypt hyperproliferation and dysplasia in mouse colon. Mice received a semi-synthetic diet free of flavonoids, or the same diet containing 1, 5 or 20 g quercetin/kg or at 10 or 40 g rutin/kg by weight. The treated groups received azoxymethanol and the control groups received a sham injection of saline (9 g NaCl/l). There was no observed effect of quercetin or rutin on the rate or spatial distribution of crypt cell proliferation in the control mice; but in those given azoxymethanol, consumption of 20 g quercetin/kg or 40 g rutin/kg was associated with the suppression of crypt cell hyperproliferation induced by the carcinogen, and a spatial re-localization of mitosis toward the lower part of the crypt. Matsukawa et al. (1997) explored the ability of quercetin (20 g/kg diet) to reduce induction of ACF in rats treated with azoxymethanol and subjected to mild restraint stress and noted that induction of ACF was reduced in both the stressed and unstressed rats given quercetin compared with their respective controls. These results are consistent with recent studies in mice, reported by Yang et al. (2000) .
Recent studies by Hara et al. (1999) seem to confirm that the principal effect of quercetin in the rat in vivo is the suppression of crypt cell mitosis, rather than any stimulus of cell deletion. Groups of animals were fed semi-synthetic powdered diets containing quercetin aglycone at concentrations of 1, 5, 20 and 50 g/kg diet. After a feeding period of 7 d the animals were killed, and full thickness samples of the intestinal tissue from the proximal, mid-and distal small intestine, and from the caecum, mid-and distal colon were excised and fixed for microscopy. In both the small bowel and distal colon of rats fed quercetin at the lowest dose there was a clear suppression of crypt cell proliferation compared with animals fed the quercetin-free diet. However this effect was markedly reduced as the level of quercetin in the diet increased. The reason for the disappearance of the anti-mitotic effect as the level of quercetin consumption increased is not immediately obvious. Possibly metabolites of quercetin derived from the gut, or from the liver, exert a pro-mitotic effect on the mucosal epithelium that is antagonistic to the anti-mitotic effect of the parent compound. In a second experiment, dietary supplementation with quercetin at the lowest concentration used previously suppressed mitosis during the recovery phase after treatment with DMH and reduced the number of ACF. This observation is consistent with the hypothesis that reducing the rate of cell proliferation during the critical phase of exposure to a methylating carcinogen can significantly suppress the level of DNA damage obtained.
Many human foods and beverages are rich in biologically active polyphenol compounds, including flavonoids, with well-established anti-mitotic and pro-apoptotic activity (Formica & Regelson, 1995) . Absorption of these compounds from the gut lumen is relatively slow. They are likely therefore to become concentrated in the gut lumen to relatively high levels, but they are also susceptible to degradation by colonic bacteria. It is by no means clear whether the effects of flavonoids and other biologically active phytochemicals on intestinal cells are due to the native compounds, or to their metabolites in the circulation. These factors make it difficult to judge the overall significance of flavonoids in relation to colorectal carcinogenesis. However, the tissues of the upper gastrointestinal tract, including the oesophagus and the gastric mucosa, can be exposed to very high concentrations of the native compounds present in tea and other beverages. Studies on the actions of anti-mitotic and pro-apoptotic flavonoids against pre-neoplastic lesions of the upper gastrointestinal tract, such as Barrett's oesophagus, might prove particularly valuable.
Glucosinolate breakdown products
The glucosinolates are a large group of organic S compounds found in plants of the order Capparales, which includes both wild and domestic brassica species, including cabbages, broccoli and Brussels sprouts. More than 100 different glucosinolates have been identified, the common structure of which comprises a ␤-D-thioglucose group and a sulfonated oxime moiety, bearing a variable side-chain derived from methionine, tryptophan, phenylalanine or various branched-chain amino acids (Mithen et al. 2000) . The glucosinolates themselves are stable and largely inactive within the intact plant, but tissue damage causes them to come into contact with the endogenous enzyme thioglucoside glycohydrolase, commonly known as myrosinase. The glucosinolate undergoes rapid hydrolysis, releasing an unstable aglycone which then breaks down to form any of a variety of products, including nitriles and isothiocyanates. The latter are also called 'mustard oils' and they provide hot and bitter flavours to mustard, radishes, and brassica vegetables (Fenwick et al. 1983) .
Isothiocyanates are amongst the most intensively studied dietary anticarcinogens, principally because of their proven ability to block the action of mutagens in model systems by modulating the activities of Phase I and Phase II biotransformation enzymes, including glutathione-S-transferase and UDP-glucuronyl transferase (Nijhoff et al. 1995; Hecht et al. 1996; Hecht, 1999) . There is good evidence that consumption of brassica vegetables rich in their precursor glucosinolates is protective against cancer in humans, and particularly against those of the lung (van Poppel et al. 1999 ) and alimentary tract (Brown et al. 1995; Voorrips et al. 2000) . Whilst lung cancer is caused primarily by exposure to tobacco smoke mutagens, the detoxification of which is increased by dietary exposure to glucosinolate breakdown products (Hecht et al. 1995) , the role of environmental mutagens in colorectal carcinogenesis is less well established. Brassica vegetable consumption has been reported both to reduce the risk of adenomatous polyps (Lin et al. 1998) , and to reduce the growth of established polyps (Hoff et al. 1988) . It is therefore particularly appropriate to consider the effects of isothiocyanates on colorectal crypt cell proliferation and apoptosis.
It has been recognized for a number of years that isothiocyanates exert antimicrobial activity (Zsolnai, 1971) . More recently Hasegawa et al. (1993) reported that benzyl and phenethyl isothiocyanates inhibited the growth of HeLa cells by inducing blockade of the cell cycle at G2/M, and there have also been reports of a selective toxic effect of allyl isothiocyanate (Musk & Johnson, 1993) , phenethyl isothiocyanate and benzyl isothiocyanate (Musk et al. 1995) against undifferentiated HT29 cells. It has been reported that exposure of human ovarian HeLa cells to phenethyl isothiocyanate led to increased levels of c-Jun N-terminal kinase 1 (Yu et al. 1996) , and to apoptosis, associated with induction of caspase-3 and cleavage of poly(ADPribose) polymerase (Yu et al. 1998) . Human leukaemia cells (HL60) and human myeloblastic leukaemia 1 cells have also been reported to undergo caspase-dependent apoptosis following exposure to phenethyl isothiocyanate (Xu & Thornalley, 2000) .
The signalling pathways leading to induction of apoptosis by isothiocyanates remain to be established. An interesting parallel with the effects of butyrate on colorectal tumour cells is suggested by a recent study showing that treatment of murine erythroleukemia cells with allyl isothiocyanate led to increased histone acetylation, albeit via a mechanism that did not involve inhibition of histone deacetylase (Lea et al. 2001) . The response of HT29 cells to allyl isothiocyanate in vitro is somewhat complex, in that although they become blocked in G2/M, and undergo nuclear condensation and detachment from the substratum, this process is not caspasedependent, and the floating cells do not exhibit classical markers of apoptosis (Lund et al. 2000) . The failure to undergo the complete apoptotic programme may reflect the absence of wild-type p53 expression in these cells (EK Lund and IT Johnson, unpublished results) .
In an animal model of colorectal neoplasia, a semi-synthetic diet enriched with sinigrin, the glucosinolate precursor of allyl isothiocyanate, suppressed mitosis and induced an increased level of apoptosis in the colorectal crypts of rats 48 h after treatment with the colon carcinogen DMH, but there was no significant effect of the compound on the colon of control rats . A juice derived by mechanical disruption of uncooked Brussels sprout tissue exerted much the same effects as allyl isothiocyanate on HT29 cells in vitro, and the same liquid, given to rats by tube-feeding, markedly increased basal crypt cell apoptosis after treatment with DMH (Smith et al. 2000b) . Again there was no effect of the treatment on the intestinal mucosa of rats not previously exposed to DMH. Like the flavonoids, glucosinolates and their breakdown products undergo complex changes both before and after their passage through the digestive tract, and it is not yet clear whether the intestinal epithelial cells are exposed to isothiocyanates from the gut lumen, or whether blood-borne metabolites are of primary importance. Nevertheless the effects of these compounds in vitro, and in animal models, are remarkably consistent with the growing epidemiological evidence for protective effects of brassica vegetables against cancers of the alimentary tract. Further studies are needed to explore their routes of delivery and mechanisms of action in man.
Conclusion
The permanently high rates of cellular replication in the gastrointestinal epithelia, coupled with their life-long exposure to a complex external environment, make them particularly vulnerable to neoplasia. However, the wide geographical variations in incidence of cancers of the alimentary tract suggest that the process is not inevitable, and that the gut is potentially susceptible to protective mechanisms linked to diet. Some of these protective factors seem likely to act via effects on crypt cell cytokinetics. The unique accessibility of the gut to clinical endoscopy and the recent rapid advances in tumour biology provide exciting opportunities for the development of strategies for cancer chemoprevention. In this context the rapidly growing evidence for significant protective effects of NSAID against colorectal cancer offers considerable encouragement. Recently emerging evidence suggests that a number of natural dietary constituents may also exert significant and potentially beneficial effects on epithelial cell proliferation and apoptosis in the gut. There are many unresolved issues concerning the precise anatomical location of the cells that undergo somatic mutation and go on to form neoplastic lesions, the overall regulation of cell production and exfoliation in the gut, and the functional interrelationships between crypt epithelial mitosis, DNA repair and crypt cell apoptosis. It also remains to be determined whether diet can be used to manipulate these effects for preventive or therapeutic effect, and if so, at what stage of the individual's lifespan they are likely to be most effective.
